ABSTRACT Any large-scale magnetic fields present in solar/stellar radiative interiors have so far been thought to be primordial or residuals from extinct dynamos. We show that a regular cyclic dynamo can also be the origin of strong magnetic fields in the solar radiative tachocline and interior below. By exploiting a kinematic, mean-field flux-transport dynamo, we show that for a wide range of core-diffusivity values, from 10 9 cm 2 s À1 down to a molecular diffusivity of 10 3 cm 2 s À1
INTRODUCTION
Over the past few decades various theoretical studies have speculated about the existence of the large-scale magnetic fields in the Sun's radiative interior. The virial theorem sets an upper limit to the field strength of $10 8 G in the radiative core of the Sun. Parker (1984) and Moss (1987) estimated $10 5 G fields there in order to address the observed lithium depletion problem. Following the advent of helioseismic analysis and the inference (Brown et al. 1989; Goode et al. 1991; Kosovichev 1996; Basu 1997; Charbonneau et al. 1997; Corbard et al. 1998 ) that a thin layer, called the tachocline, near the base of the convection zone contains the strongest radial differential rotation of the Sun while the solid core rotates uniformly, many authors (Gough 1997; Rüdiger & Kitchatinov 1997; Gough & McIntyre 1998) have invoked the large-scale magnetic fields of strength $1 G just beneath the tachocline in order to explain such internal rotation patterns of the Sun. Charbonneau & MacGregor (1993) have shown that a magnetic field in the radiative interior has important consequences for angular momentum transport and distribution in solar-type stars.
In the radiative interior of the other magnetic stars there also exists evidence of the large-scale magnetic fields; for example, the magnetic fields have been observed in A stars after their transition from the fully convective Hayashi phase to the mainsequence state, which has a convective core and radiative envelope. The origin of the magnetic fields in the solar/stellar radiative interior has so far been considered primordial (Cowling 1945; Wrubel 1952) or the remnant fields from extinct dynamos (Schüssler 1975; Parker 1981) .
Another related question naturally arises: can there be dynamogenerated fields in the radiative tachocline and below? A part of this question has recently been addressed by Garaud (1999) , who showed, by considering the idealized calculation of placing oscillatory poloidal fields at the upper overshoot tachocline near the core-envelope interface and investigating the pure diffusion of such fields, that the fields would diffuse no more than a few kilometers below the core-envelope interface if the diffusivity below that interface is the molecular diffusivity of 10 3 cm 2 s À1 . But since the helioseismic analysis has inferred that approximately 2/3 of the tachocline is located in the radiative interior below the base of the convection zone at r $ 0:713R (Christensen-Dalsgaard et al. 1995; Corbard et al. 2001) , the penetration of magnetic fields into the radiative tachocline may not be just from pure diffusion. Instead there could be induction of toroidal fields from even very weak poloidal fields. The aim of this paper is to investigate the penetration of the dynamo-generated fields down through the radiative tachocline and below.
We are led to this investigation because we noted in our previous simulations of flux-transport dynamos, which included solarlike internal rotation and solved the dynamo equations in the domain extending down to the radiative core (0:6R) below the tachocline, that a steady, mean magnetic field survives over thousands of years. Similar effects were noted by Levy & Boyer (1982) , Boyer & Levy (1984) , and Sonett (1983) , who suggested that a steady poloidal field at or below the base of the convection zone would impart a bias to the solar cycle, and an observed asymmetry between successive activity cycles is consistent with about 0.5 G steady poloidal fields there. Mestel & Weiss (1987) suggested that dynamos with fluctuating cycles could create net interior field in the rms sense. But we investigate whether we get mean fields even without fluctuations.
In this paper, we exploit a flux-transport dynamo driven by both the Babcock-Leighton type surface -effect and the tachocline -effect and solar-like internal rotation for a wide range of the diffusivity values at the radiative core starting from as large as 10 9 cm 2 s À1 down to the molecular diffusivity of 10 3 cm 2 s À1 . We seek answers to the following questions: (1) Can a propagating dynamo-generated field diffuse down to the radiative interior of the Sun? (2) What amplitude does it attain when the steady state is reached? (3) Do these fields participate in the dynamo cycle? (4) No matter whether such fields are cyclic or steady, if such fields are stronger than a few hundred gauss in the radiative tachocline and below, can the tachocline dynamics ever be slower than the solar cycle and comparable to the evolutionary timescales of the star, or will it always be fast instead, as suggested by Gilman (2000) , Forgács-Dajka & Petrovay (2002), and Forgács-Dajka (2004) ?
Our motivation for picking a flux-transport dynamo model for investigating the above issues comes from the recent theoretical developments that indicate that this class of dynamo models have been successful (Wang & Sheeley 1991; Choudhuri et al. 1995; Dikpati & Charbonneau 1999; Küker et al. 2001; Bonanno et al. 2002; Dikpati et al. 2004) in reproducing a majority of global solar cycle features, including the correct phase relationship between the equatorward-propagating sunspot belts and the poleward-drifting large-scale surface radial field-a difficult feature to be reproduced by any other large-scale dynamo model without the meridional circulation. The other reason for selecting a flux-transport dynamo for the present study is that a typicalinterface dynamo without meridional circulation will not work for the Sun if the skin effect prevents the interface poloidal fields from penetrating down to the major part of the tachocline. After describing the model in x 2, we present our results and their physical interpretations in x 3, and we describe in x 4 how the Lorentz force back reaction might modify our results from these kinematic calculations. We close with concluding remarks in x 5.
DESCRIPTION OF THE MODEL

Governing Equations
We use for our simulation the axisymmetric kinematic fluxtransport dynamo defined in Dikpati & Charbonneau (1999) . We reproduce their equations (3a) and (3b) below:
where B p ¼ : < (Aê ) denotes the poloidal field, B the toroidal field, u the meridional flow, the differential rotation, and S(r; ; B ) the poloidal source term, including both the BabcockLeighton type surface source and the tachocline -effect.
Ingredients of the Model
In order to solve equations (1) and (2) numerically, we set our computation domain in a meridional plane of a full spherical shell extending in r from 0:6R to 1R (R denotes the solar radius R ) and in from the north pole to the south pole. In the kinematic regime, we characterize this dynamo model with the following ingredients: (1) a solar-like differential rotation parameterized from helioseismic inferences, (2) a meridional circulation that has solarlike poleward surface flow in the upper half of the convection zone and a flow pattern in the bottom half of the convection zone constructed from mass conservation, (3) two poloidal field sources, namely, a Babcock-Leighton type surface poloidal source and a tachocline -effect, and (4) a depth-dependent diffusivity profile. The mathematical descriptions of the above ingredients except the last one (noted in item 4) can readily be adopted from the calibrated flux-transport dynamo model of Dikpati et al. (2004) .
We show the first three ingredients in the four frames of Figure 1 , in which the top two frames present the poloidal sources as functions of latitude and radius, respectively, and the bottom two frames present the meridional flow pattern and the isorotation contours of the Sun's internal rotation pattern. We take the ratio of Babcock-Leighton to tachocline -effect to be 10, and we use the -quenching in a similar fashion as in Dikpati et al. (2004) . This quenching is the only source of nonlinearity in the model.
The last ingredient, the diffusivity profile, is the least known but the most crucial ingredient for the present calculation, because the penetration of the dynamo-generated fields into the Sun's radiative interior below the dynamo layer will be governed primarily by the diffusion there. Due to the lack of observational guidance (other than estimates from mixing-length type arguments) about how the diffusivity should vary with depth, we use theoretical reasoning to construct a suitable depth dependence of this ingredient. Although in the bulk of the convection zone the diffusivity is governed by turbulence, it has been noted by many authors (Leighton 1964; Mosher 1977; Schrijver 2001; Wang et al. 2002) including us that an enhanced diffusion of 10 12 -10 13 cm 2 s À1 in the supergranulation layer should be included for explaining the observed dispersal rates of the bipolar and unipolar regions. We choose a fixed value of 2 ; 10 12 cm 2 s À1 for the supergranular diffusivity throughout the present calculation. In the bulk of the convection zone, the diffusivity is primarily governed by turbulence. The precise value of turbulent diffusivity there is not known; we choose a value of 5 ; 10 10 cm 2 s À1 intermediate between that of the supergranulation layer at the top and the tachocline below. Other diffusivity profiles should give similar results.
Below the convection zone there is much less turbulence, and the diffusivity should be determined essentially from the molecular contribution in the stably stratified deep radiative interior. But the depth as well as the rate at which the transition from the turbulent diffusivity to the molecular diffusivity takes place are not well known. We prescribe a general mathematical form as
where core ; T , and super denote the core, turbulent, and supergranular diffusivities, respectively, and erf x the error function. At r ¼ r 1 and r 2 , each of the error functions go through zero, and hence the diffusivities reach T /2 and super /2, respectively. The parameters d 1 and d 2 represent the width of the error functions. We can select different combinations of these parameters, r 1 ; r 2 ; d 1 , and d 2 and construct different diffusivity profiles that are plausible for the Sun. In order to focus on the diffusion of the dynamogenerated fields across the tachocline and below, we fix r 2 at 0:95R and d 2 at 0:05R throughout our calculation and consider three different combinations of r 1 and d 1 . We plot in Figure 2 these three cases for a wide range of the core diffusivity values starting from core ¼ 10 9 cm 2 s À1 down to the molecular diffusivity value of 10 3 cm 2 s
À1
. Figure 2a shows a sharp transition from a high to a low diffusivity value across the tachocline (denoted by the gray scale), the parameters being r 1 ¼ 0:7R and d 1 ¼ 0:0125R for this case. In the upper overshoot tachocline, above r ¼ 0:7R, the diffusivity is turbulent, which we assume decreases to a much lower value at the bottom of the tachocline (r ¼ 0:675R). In order to understand the full behavior of the system, we treat the core diffusivity, core , as a parameter and study cases for a wide range of core values.
A somewhat less extreme profile with r 1 ¼ 0:735R and d 1 ¼ 0:05R is shown in Figure 2b . The upper overshoot tachocline has slightly lower diffusivity than the value in the convection zone above in this case, but the entire bottom half of the tachocline has a diffusivity value between 10 7 and 10 9 cm 2 s
. The molecular diffusivity is realized only below r ¼ 0:65R. We have done similar simulations for this profile also. Figure 2c shows the most extreme profile; it arises from the combination of the parameters, r 1 ¼ 0:735R and d 1 ¼ 0:0125R. In this case the entire radiative tachocline (located at 0:675R r 0:7R in this model) and a significant portion of the overshoot tachocline has the core diffusivity value. We have done a few simulations with this profile, but we find that the inductive effects of the tachocline are so strong with such small diffusivity values that the results blow up for core diffusivities below $5 ; 10 6 cm 2 s
.
Boundary Conditions and Initialization
For the dynamo ingredients prescribed above, we solve the dynamo equations (1) and (2) numerically. At the two poles and at the solar surface, we apply the same boundary conditions as used by Dikpati & Gilman (2001b) ; namely, we set both B and A to zero at the poles to avoid unphysical solutions, and for the region above the photosphere (r > R ), as it is essentially a vacuum, we set B to zero at r ¼ R and demand that the interior solutions of A match smoothly with the exterior solutions across the photosphere. But the bottom boundary is treated differently here. With the diffusivity dropping down from 2 ; 10 12 cm 2 s À1 at r ¼ R to a value 3-9 orders of magnitude smaller, we apply a perfectly conducting bottom boundary condition, demanding that the poloidal fields are zero and the toroidal fields follow the condition @/@r(rB ) ¼ 0 there. We initialize the model by assigning values, either randomly (for the first run) or from an already converged solution (for the latter runs), at all grid points above the core-envelope interface (r > 0:713R), and below that we set the initial values of the fields to zero for all cases. We run all the cases long enough to ensure that the fields can get rid of the short-term transients. For example, the cases with core ¼ 10 3 cm 2 s À1 are run for as long as 3 ; 10 5 yr. We pick, as our first simulation, the case with core ¼ 10 9 cm 2 s À1 for the diffusivity profile as shown in Figure 2a . For all runs, we fix the differential rotation as used by Dikpati & Charbonneau (1999) and set the amplitudes of the Babcock-Leighton and tachocline -effects, respectively, to 1.25 m s À1 and 12.5 cm s À1 . Since the meridional flow speed determines the cycle period in flux-transport type dynamos, for each case of the diffusivity profiles as shown in Figures 2a, 2b , and 2c, a suitable surface flow speed within the range of 10-25 m s À1 is chosen so that a $11 yr cycle period is produced. Similarly, our aim is to produce $100 kG peak toroidal field at the base of the convection zone (r ¼ 0:713R in this model) in order to facilitate a comparison of results below that level for different parameter choices and to ensure strong enough toroidal fields to produce enough sunspots at low enough latitudes to agree with solar observations. We assume that the sunspot patterns produced from these 100 kG peak fields would be similar in all cases, and indeed, construction of theoretical ''butterfly diagrams'' confirms that. We show in Figure 3 an example of the butterfly diagram derived from the model output for the toroidal fields at the upper overshoot tachocline and the surface radial fields, for core ¼ 10 3 . Butterfly diagrams for core ¼ 10 9 10 3 look essentially identical, so we present only this one example.
The maximum fields produced in the model will depend on various factors, such as the differential rotation amplitude, diffusivity values, meridional flow speed, -effect amplitudes, and -quenching parameter. However, since the first four of those five factors are constrained by observations, we change only the -quenching parameter for the three cases of the diffusivity profiles. We note in Table 1 the parameters selected for different cases.
We note from the second column of Table 1 that a larger flow speed is chosen to produce a similar cycle period as we go from case I to case III. This is because the smaller the diffusivity in the lower part of the convection zone, the longer the magnetic flux gets held there. And automatically a larger flow speed will be necessary in this class of dynamo models in order to compensate for the increased flux-freezing effect due to smaller diffusivities (see Fig. 2 and compare the diffusivity near r/R ¼ 0:713 in three frames). Due to the same effect, stronger toroidal fields can be produced near the base of the convection zone in case II than in case I, and a weaker quenching field strength will be sufficient to produce the necessary toroidal fields of $100 kG, as we note in the third column of Table 1 . We explore the model as described above, incorporating all the diffusivity profiles as shown in Figures 2a and 2b , and some cases from Figure 2c also. We run the model for each case for at least 2 ; 10 5 yr; we present our results below.
3. RESULTS
A Typical Case with a Selected Core Diffusivity
We first choose a typical case for a diffusivity profile as shown in Figure 2a with core ¼ 10 6 cm 2 s
À1
, and we present in Figure 4 the evolution of both the nonoscillatory and the total toroidal and poloidal fields. Starting from an initial configuration of the magnetic fields that are essentially zero below the base of the convection zone (r ¼ 0:713R here), we investigate the evolution of the toroidal and poloidal fields over 10 5 yr and plot in frames , and 10 5 yr. In order to compute the nonoscillatory mean part from the total fields at each of the above four selected years, we consider two epochs half a magnetic cycle (10.72 yr in this calculation) apart and just take the average of the two solutions so that the oscillatory magnetic fields cancel out. We can clearly see the continuous penetration of these fields below the base of the convection zone until they settle to a steady configuration at t ¼ 10 5 yr. While the amplitude of the mean, nonreversing toroidal fields is $1 kG in this case, the amplitude of the mean poloidal fields is <1 G and actually 1-2 orders of magnitude less than the peak oscillatory fields. So we can make them visible only by taking out the oscillatory parts. Note that there is also a mean poloidal field near the top, because the larger source of these fields is there.
We do not know how these fields will change over the entire lifetime of the Sun, but our computation over another 10 5 yr, which is a reasonable span of time evolution with the limitation of the present day computing powers, does not show any significant change in the nonoscillatory mean fields.
After running the model for 10 5 yr, we present in Figure 4 eight snapshots of magnetic field patterns selected at eight successive epochs over a full magnetic cycle. These are the total fields including the oscillatory and nonoscillatory steady parts. Figures 4e-4l show that the magnetic fields are predominantly oscillatory above the radiative tachocline and that the nonoscillatory, mean fields below r ¼ 0:7R are not participating in the cycle. We chose core ¼ 10 6 cm 2 s À1 rather than a smaller value, because core ¼ 10 3 or 10 4 cm 2 s À1 would make the radiative tachocline field very thin, which would be hard to illustrate.
Systematic Exploration of core Values
3.2.1. Penetration of Oscillatory Toroidal Fields below the Tachocline Figure 5 illustrates the peak amplitude of cyclic toroidal fields achieved by our flux transport dynamo as a function of depth in and below the tachocline for the ohmic diffusivity profile depicted in Figure 2a , in which the core diffusivity value is reached at a radius of 0.675 (the bottom of the tachocline) or higher. For all cases, the field plotted is for 45 latitude.
We see in Figure 5 that the peak toroidal field is essentially independent of core diffusivity above r/R ¼ 0:69, and strong variations with core occur only below r/R ¼ 0:68, at which depth the diffusivity may be as low as 10 5 cm 2 s À1 . Below r/R ¼ 0:68 there appear to be three different regimes of toroidal field profile. For core ¼ 10 9 cm 2 s À1 , 1/50 of the value assumed for the bulk of the dynamo domain, the toroidal field diffuses to nearly the bottom of the shell. The ''skin depth'' shown is consistent with the classical estimates discussed, for example, in Garaud (1999) , with an e-folding distance of about 4000 km. For core ¼ 10 8 cm 2 s
À1
, the skin depth shrinks substantially, to about 1200 km per e-fold, also consistent with the classical results.
But then below 10 8 cm 2 s
, down to 10 5 cm 2 s
, the skin depth does not continue to shorten. Here the ''effective'' skin depth remains around 1200 km, as induction by the differential rotation down to about r/R ¼ 0:675R counters the diffusion. Evidently, some oscillatory poloidal field reaches this level from above and provides a source for amplification of the toroidal field. By core of 10 4 and 10 3 cm 2 s À1 (just above estimates of molecular values), induction by the differential rotation at the bottom of the tachocline dominates, and a strong peak in oscillatory toroidal field is created at r/R ¼ 0:675, that is, an order of magnitude higher than in the layers above. Inside of r/R ¼ 0:67, there is a very small skin depth, where the toroidal field drops by 5 orders of magnitude in a distance smaller than 1% of the solar radius.
Such strong toroidal fields are achieved near the bottom of the tachocline in part because the dynamo model is essentially kinematic, with no feedback on the differential rotation there. When feedback is allowed, presumably the differential rotation there would be strongly damped, and such large toroidal fields would not be achieved. But helioseismic results say the differential rotation reaches down to about 0:675R, so such damping must not be occurring. In any case, the ability of this kinematic fluxtransport solar dynamo to produce large toroidal fields throughout the tachocline even in the face of a rapidly declining diffusivity below the convection zone argues against the assumption of infinitesimally small or zero magnetic fields in the tachocline, a core assumption for the existence of a ''slow'' tachocline (Gilman 2000) , required by Gough & McIntyre (1998) among others, for their theory of dynamical equilibrium there on very long timescales. However, these results do not negate their theory in the domain well below the tachocline in the radiative interior.
We find that the penetration of oscillatory toroidal fields throughout the tachocline is robust with respect to different assumptions about the rate of diffusivity decline below the convection zone, as well as at what radius this decline is assumed to start. Figure 6 shows the profile of oscillatory toroidal field peaks for the more slowly declining diffusivity plotted in Figure 2b . We see that the primary difference is that the peak toroidal fields induced near r/R ¼ 0:69 are larger than for the more steeply declining diffusivity shown in Figure 2a , but the higher peak in toroidal field near r/R ¼ 0:67 fails to materialize. This is simply because for this less extreme profile of , the diffusivity is always at least 10 7 cm 2 s À1 where there is any differential rotation. Most extreme profiles (as in Fig. 2c ) 2 2 1 . 3 Fig. 4 .-Top panel shows growth and inward propagation of nonoscillatory mean toroidal and poloidal fields in a dynamo simulation with core ¼ 10 6 cm 2 s À1 . Amplitudes of toroidal fields have been plotted in gray-scale map in which bright (dark) denotes positive (negative) toroidal fields. Clockwise (counterclockwise) poloidal field lines have been plotted in solid (dashed) contours. Bottom two panels show evolution of fully developed toroidal and poloidal fields over a dynamo cycle after the model has been run for 10 5 yr. Spacing of shade and contours are logarithmic with two spacings covering 1 order of magnitude. Maximum toroidal field is 120 kG, and the poloidal fields are about 2-3 orders of magnitude weaker.
We have also investigated the toroidal fields induced for the most extreme -profile shown in Figure 2c , which drops to 10 3 cm 2 s À1 at around r/R ¼ 0:713, the helioseismically measured bottom of the overshoot layer of the Sun. In this case, for which the diffusivity is essentially at molecular values for the whole radiative part of the tachocline, the toroidal fields induced by the differential rotation there are many orders of magnitude larger than those shown in Figure 5 and obviously completely unrealistic for the Sun. We were not able to do accurate calculations of the amplification for core diffusivities below about 5 ; 10 6 cm 2 s À1 . This limitation illustrates how powerful the dynamo at tachocline depths can be when the diffusivity is very low. In a full MHD dynamo with Lorentz force feedbacks, the amplitudes should be much smaller, but they are likely to seriously diminish the differential rotation there, which is not observed. Another possibility is that there remains weak turbulence in most of the radiative tachocline, and the diffusivity profile in Figure 2c simply drops to core diffusivity values in too much of the tachocline to be realistic.
Penetration of Mean Toroidal Fields into the Sun's Radiative Interior
Oscillatory dynamo fields penetrating through and below the tachocline are not the whole story, however. We also find that low core diffusivities allow the induction of substantial mean (nonreversing) toroidal fields as well. Figure 7 shows these results for the profiles in Figure 2a . Above r/R ¼ 0:69, the mean amplitudes of the toroidal fields are very small, $1-10 G. But at r/R ¼ 0:67, below the bottom of the tachocline, for sufficiently low core diffusivity, the toroidal field is greater than 10 3 kG. As with the oscillatory fields in Figure 5, , 100 kG is reached for r/R ¼ 0:66, but because of the lower diffusivity the toroidal field falls off by at least 6 orders of magnitude by r/R ¼ 0:6. For core ¼ 10 4 and 10 3 cm 2 s
À1
, we get mean toroidal field profiles similar to the oscillatory fields in Figure 5 . Figure 8 shows mean toroidal fields for the less extreme diffusivity profile shown in Figure 2b . We see that the same effects occur, but with peak of the means <10 kG, because of the broader domain of higher diffusivity characteristic of this case. For the diffusivity profile shown in Figure 2c , the mean toroidal field induced is many orders of magnitude larger than that seen in Figure 7 , as was the case for oscillatory fields.
In Figures 7 and 8 , what determines whether a particular profile of toroidal field amplitude falls off sharply with depth inside of r/R ¼ 0:67 or is flat with depth there is whether there has been enough time for some field for that particular diffusivity to diffuse all the way down to r/R ¼ 0:6, where the perfectly conducting bottom boundary condition blocks it. For core ¼ 10 5 cm 2 s À1 , it takes $3 ; 10 6 yr to diffuse flux a distance of 0:04R. Therefore, clearly for this diffusivity and lower, we should not expect to see flux reaching 0:6R in only 3 ; 10 5 yr, our maximum integration length. On the other hand for core ¼ 10 6 cm 2 s À1 , the diffusion time is 3 ; 10 5 yr, so we should expect some buildup to a flat profile, which stops further diffusion to these depths. But there is more flux present in the shell between 0:67R and 0:6R when core ¼ 10 6 cm 2 s À1 than for core ¼ 10 7 cm 2 s À1 , because at the lower diffusivity, the steady dynamo simply produces more. are plotted as function of depth for diffusivity profiles as shown in Fig. 2a . Set of curves reveals how penetration of such fields below the tachocline depends on corediffusivity value. are plotted as function of depth for the case of diffusivity profiles as shown in Fig. 2b . Penetration of such fields below the tachocline is deeper in this case than that shown in Fig. 5 . Thus, depending on what ohmic diffusivity the Sun has below the convection zone, the dynamo is capable of producing substantial nonreversing fields there, opening the possibility of very long term storage of such fields. At least the sign of the toroidal fields obtained must be a function of the initial conditions we take; perhaps some details of the steady profiles also depend on these initial conditions. But we judge that it would be essentially impossible to create initial conditions such that no mean component of the fields were produced in the bottom part and below the solar tachocline. Thus, we have found another source of toroidal fields for the solar interior, at least the part just below the convection zone. The presence of these mean fields would also prevent any part of the solar tachocline from being governed by the slow timescales as needed in Gough & McIntyre (1998 We summarize the dependence of oscillatory toroidal fields at and below the bottom of the solar tachocline on the core ohmic diffusivity in Figure 9 , and for the mean fields in Figure 10 for the diffusivity profiles shown in Figures 2a and 2b . Solid curves are for r/R ¼ 0:68, right at the bottom of the assumed tachocline, and dashed curves are for r ¼ 0:62, well below it. We see in Figure 9 that the peak toroidal fields for the different diffusivity profiles track each other well for r/R ¼ 0:68 down to core ¼ 10 4 cm 2 s À1 , with the fields for the steeper profile always about an order of magnitude higher; however, both always remain above $3 kG. For core of 10 3 cm 2 s À1 , only the steeper case produces a large amplification of the toroidal field above 100 kG. At r/R ¼ 0:62, the induced oscillatory toroidal fields are at least 4 orders of magnitude smaller than for r/R ¼ 0:68 even for high core diffusivity, becoming 6 orders different for core ¼ 10 5 cm 2 s À1 , and many more for lower diffusivities. Thus, we see that r/R ¼ 0:62 always has much smaller toroidal fields than the bottom of the tachocline, so the extent of the influence of the oscillatory dynamo into the deep interior is limited; however, it is always well below the bottom of the tachocline.
The dotted smooth curve on Figure 9 depicts the field strength we should expect at r ¼ 0:62R if the formula for skin depth, l ¼ (2 core /!) 1/2 , in which ! is the frequency of the oscillatory dynamo (Garaud 1999) , correctly describes the rate of decline of the oscillatory toroidal field from the bottom of the tachocline at 0:675R to 0:62R, assuming all cases have the same toroidal field at 0:675R. In this domain, diffusion of field is the only process acting, and we see that the agreement between the numerical simulations and the theoretical formula is quite good.
The properties of induced mean toroidal fields, shown in Figure 10 , as a function of core diffusivity are quite different. At r/R ¼ 0:68 with the diffusivity profile from Figure 2a , for core diffusivities of 10 8 cm 2 s À1 or higher, there is essentially no mean field generated. At 10 7 cm 2 s À1 , there is about 300 G. By 10 3 cm 2 s À1 , this has amplified to about 400 kG. By contrast, with the broader diffusivity profile in Figure 2b , the induced toroidal field at r/R ¼ 0:68 never gets above several hundred gauss. At r/R ¼ 0:62, there is a strong peak in induced toroidal field for the intermediate diffusivity of 10 6 cm 2 s À1 , of $50 kG for the diffusivity in Figure 2a , but with virtually none induced for above 10 8 cm 2 s À1 , or below 10 5 cm 2 s À1 . For high diffusivities, the mean field is simply diffused away before it can amplify much, while for low diffusivity, the field induced in the bottom of the tachocline near r/R ¼ 0:68 cannot diffuse down to r/R ¼ 0:62 in the integration time. But for core ¼ 10 6 10 7 cm 2 s À1 the peak steady fields are about 1 order of magnitude higher at r/R ¼ 0:62 than at r/R ¼ 0:68, because the diffusivity is lower at 0:62R, and there has been time in the integration for the flux to diffuse down to that level.
How are these strong oscillating and steady toroidal fields maintained at the bottom of the tachocline and even below? Figure 11 shows the peak amplitude of the oscillatory latitudinal poloidal field at 45 as a function of radius in and below the tachocline for a core diffusivity of 10 3 cm 2 s À1 . We see that with both diffusivity profiles, there is a $10 kG poloidal field that reaches the bottom of the tachocline. This field, as well as the associated radial field, is sheared by the differential rotation near the bottom of the tachocline to produce the toroidal field amplitudes found (which are $200 times larger there).
As seen in Figure 12 , the mean latitudinal poloidal field is 4 orders of magnitude smaller, only 1-10 G. But it can lead to a toroidal field that is 10 6 times larger, because it is not reversing and is in a low diffusivity environment. The differential rotation simply shears this poloidal field over many cycles (>10 4 cycles in our simulations) to get the final amplitude. This final value, which appears to be steady on timescales of several tens of thousands of years, is reached when the diffusion gets large enough to balance the induction.
But why is there any nonreversing poloidal and toroidal field here? It appears that there is a second, nonreversing dynamo at work near the bottom of the tachocline. It can occur because in flux transport dynamos the reversal period is determined by the speed of the meridional circulation. But in our model, and almost certainly in the Sun (Gilman & Miesch 2004) , this circulation does not reach below the overshoot part of the tachocline, which ends at r/R ¼ 0:713. So field that diffuses below that level, or is induced there, may not participate in the cycle. This is more likely the lower the core diffusivity, because then the diffusive communication between the convection zone dynamo and the bottom of the tachocline is weakened. With our inclusion of an -effect in the upper part of the tachocline (arising from MHD instabilities there), there is a ready supply of new poloidal field that has been induced from the steady toroidal field that diffuses up from the bottom of the tachocline where it is induced.
Numerical Experiments to Determine Origins of Strong Toroidal Fields Near the Bottom of the Tachocline
In x 3.2.2 we suggested that the strong nonoscillatory fields we find in the lower tachocline and below may be evidence of a second, nonoscillatory dynamo operating at these levels, with a combination of the differential rotation of the lower tachocline and the tachocline -effect just above it. We can test this concept by performing numerical experiments with certain ingredients of the full dynamo removed. We have done two such calculations, one with the tachocline -effect removed and the other with the Babcock-Leighton source term at the top, as well as the meridional circulation, removed. Both assume the diffusivity profile of Figure 2a , with a core diffusivity of 10 3 cm 2 s
À1
. Each case is run for 2 ; 10 5 yr. The results are shown for the resulting oscillatory fields at 45 latitude in Figure 13 and the mean toroidal fields in Figure 14 . For comparison, we also plot the full dynamo result for the same core diffusivity.
From Figure 13 we see that when the tachocline -effect is taken out, all of the enhanced oscillatory toroidal field in the lower tachocline goes away, and the field is reduced to only 10 G by r ¼ 0:68R. Therefore, clearly the tachocline -effect is crucial even for the original oscillatory dynamo result. Our interpretation is that without the bottom -effect, oscillating toroidal fields near the bottom cannot be turned into new poloidal field there, which can then be locally stretched out into strong toroidal fields again.
By contrast, Figure 13 also shows that when the BabcockLeighton surface poloidal source term is removed, so that all the induction of new poloidal field must occur near the bottom, the bottom toroidal field gets up to 2 orders of magnitude larger than when both -effects are included. This model is then essentially a bottom interface dynamo. Two effects cause the further amplification of the bottom toroidal field. One is that both poloidal and toroidal field generation now occur in the part of the domain with much reduced diffusivity-the effective dynamo number is much larger. The other is that when the meridional circulation is suppressed, it is much harder for the model to cancel oppositely directed toroidal fields across the equator. With a meridional circulation present, the equatorward flow near the bottom sweeps upward-diffusing toroidal fields toward the equator, where oppositely directed toroidal fields can be annihilated. Without the meridional circulation, only the much slower ohmic diffusion is available do that, so the bottom toroidal field in midlatitudes amplifies more.
What about the mean fields for the different assumptions? Figure 14 shows that these are changed in a way that is qualitatively similar to the oscillatory fields. When the tachocline -effect is removed, the bottom toroidal fields are reduced by more than 3 orders of magnitude. When the Babcock-Leighton poloidal source and meridional circulation are removed, the toroidal field goes up by almost 2 orders of magnitude. The explanation is the same as for oscillatory fields.
We conclude from the above results that the tachocline -effect plays a crucial role in producing the high-amplitude toroidal fields for low diffusivity in the low tachocline and below. Differential rotation by itself there is not enough. We know there are multiple sources for -effect there, from various HD and MHD instabilities ( Ferriz-Mas et al. 1994; Thélén 2000; Dikpati & Gilman 2001a; , so there is little doubt that these strong tachocline toroidal fields must occur to some degree in the Sun. Their amplitude will be determined by what the tachocline diffusivity really is, as well as what amplitude the tachocline -effect reaches due to the instabilities.
LIMITS TO STRONG TOROIDAL FIELDS FROM LORENTZ FORCE FEEDBACKS
We have shown that a low ohmic diffusivity in the radiative part of the tachocline and below can lead to very strong oscillatory and mean toroidal fields there. But our dynamo model is kinematic, not taking into account any Lorentz force feedback on the differential rotation assumed. When that is included, how strong can the toroidal fields be without reducing the model differential rotation below observed values? Using a mean-field model for both the differential rotation and the dynamo, Rempel et al. (2005) have estimated that upper limit for cyclic toroidal fields in the convection zone and upper tachocline to be $30 kG. Therefore, our results reported above, which all achieve $100 kG toroidal fields near the bottom of the convection zone and in the overshoot part of the tachocline, could be somewhat too large to be sustained when Lorentz feedbacks are included.
If we take toroidal and poloidal field amplitude values from Figures 5 and 11 , respectively, we can estimate that the Lorentz force we would get from the oscillatory dynamo is about 10 3 kG 2 À Á /L, where L is the length over which the currents are distributed. But from Figure 12 , the corresponding Lorentz force amplitude is only about 10 kG 2 À Á /L, because the mean poloidal field is so much smaller than its oscillatory counterpart. So if the Lorentz force for the oscillatory dynamo solutions we displayed above is too large by a factor of $10, which is implied by the Rempel et al. (2005) limit, then the Lorentz force from the mean toroidal and poloidal fields is small enough to imply a very weak feedback from that source. Therefore, the mean toroidal fields could be much larger than the oscillatory fields without causing too much feedback.
To illustrate this point further, we did an additional simulation for an ohmic diffusivity profile as shown in Figure 2a with core ¼ 10 3 cm 2 s À1 , in which we lowered the -quenching to a level that leads to peak oscillatory toroidal fields of about 20 kG, below the Rempel et al. (2005) limit. In Figure 15 we plot the peak oscillatory and mean toroidal and poloidal fields for this case. We see that the peak mean toroidal field is reduced but still reaches $300 kG, about the limit of detection by current helioseismic methods. For the oscillatory fields, the Lorentz force is reduced to $ 100 kG 2 À Á /L, while that for the mean fields is now only about 1 kG 2 À Á /L. So under these assumptions both the oscillatory and mean toroidal fields should be sustainable by differential rotations that are not significantly altered by their presence. This reinforces the possibility that the Sun actually contains $300 kG nonreversing toroidal fields in the radiative tachocline and below.
COMMENTS AND CONCLUSIONS
Using a kinematic, mean-field flux-transport dynamo, we have shown here that both steady and oscillatory dynamo fields penetrate into the entire radiative tachocline and below for a wide range of core diffusivity values. With the choice of solar-like ingredients we find that the amplitude of oscillatory toroidal fields at the bottom of the radiative tachocline (r ¼ 0:675R in our present model) is no smaller than 1 kG when the core diffusivity is above 10 4 cm 2 s À1 , and $1000 kG when core P10 4 cm 2 s À1 . The penetration of the oscillatory fields is the consequence of induction as well as the skin effect, the latter dominating solely below the bottom of the tachocline.
We have shown that even if the cyclic toroidal fields in the upper tachocline are limited by Lorentz force feedbacks to, say, 30 kG instead of the 100 kG most of our solutions achieve, the steady toroidal fields in the bottom of the tachocline and below still reach as high as 300 kG. Such strong fields will dominate the dynamics of the lower tachocline and over time could diffuse farther into the solar interior.
We also found that strong, nonreversing mean toroidal fields of amplitudes 300 kG-3 MG are produced in the radiative tachocline and below when core P 10 7 cm 2 s À1 . We demonstrated that these fields are maintained by the combination of differential rotation near the bottom of the tachocline and the assumed tachocline -effect just above. Since the mean poloidal fields associated with them are so weak, their Lorentz force back reaction should not deplete the tachocline differential rotation much.
If the entire solar tachocline is filled with oscillatory and steady toroidal fields no smaller than 1 kG, the tachocline dynamics must be governed by MHD. That means the dynamical timescales are always comparable to the solar cycle or even shorter. Therefore, according to our calculations, the slow tachocline does not exist.
The strong fields our model generates in the radiative tachocline and below can be stored there indefinitely if the subadiabiticity is greater than 10 À2 (Ferriz-Mas et al. 1994 ). But they may occasionally rise to the surface due to buoyancy instability. Such eruption could play some role in the Maunder minima or Medieval maxima type phenomena.
These fields may preserve the asymmetry of the magnetic fields about the equator for as long as a few hundred thousand years (and may be much longer) if they had that symmetry initially when they started penetrating below the interface. The presence of such fields in the radiative tachocline should lead to the tipping instability (Cally et al. 2003) , which would play some role in selecting the Sun's dominant nonaxisymmetry to be of m ¼ 1 longitudinal modes. Therefore, the persistence of such fields may also help determine the persistence of the Sun's preferred longitudes for the eruption of bipolar spots at the surface.
So far helioseismic analyses give an upper limit of about 300 kG fields in the Sun's radiative zone (Antia et al. 2000) . The toroidal fields in our dynamo solutions are less than that for all core diffusivities at or above 10 5 cm 2 s À1 . This helioseismic limit therefore could imply there is weak turbulence in the lower tachocline, which results in core ! 10 5 cm 2 s À1 ($10 2 times the molecular value but 10 À6 of the convection zone), and /or that Lorentz force feedbacks have limited the toroidal fields to amplitudes less than 300 kG.
Over the age of the Sun, we should not expect the oscillatory fields to penetrate deeper than we have found here. By contrast, the mean fields we have found, which are even larger in amplitude than the oscillatory fields and extend deeper than them in our calculations, should continue to diffuse inward throughout the lifetime of the Sun, ultimately leading to toroidal fields at all radii of the interior.
Although we have chosen solar parameters for our simulations, we infer that such nonreversing fields should also exist in other rotating stars with convective envelopes. We speculate that such fields may also occur in stars with convective cores.
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